Introduction
Most cancer therapies involve a component of treatment which inflicts DNA damage in tumor cells.
Ionizing radiation (IR) is a potent inducer of double-strand breaks (DSBs), which are considered the most serious form of DNA damage. Complex systems have evolved to rapidly detect and repair these lesions, and successful DSB repair is essential for tumor cell survival after exposure to IR and other DNA damaging agents. Homologous recombination (HR) and nonhomologous end-joining (NHEJ) represent the two major DSB repair pathways in cells (1) (2) (3) (4) . Emerging evidence suggests that inhibition of DNA repair and damage checkpoints is a viable and potentially efficacious strategy for chemo-and radiosensitization in the clinic, which has been supported by decades of work confirming a link between DNA repair and tumor cell survival after IR (5) . Examples of such drugs in clinical trials and/or active preclinical development include inhibitors of poly (ADP-ribose) polymerase (PARP; (6)), checkpoint kinase 1 and 2 (Chk1 and Chk2; (7)), and DNA-dependent protein Kinase (DNA-PK; (8) ). Most of these drugs were identified in high-throughput screens utilizing a target-based, "reverse chemical genetics" strategy focused on these particular targets (9) . In this approach, a small molecule library is screened for compounds which bind or inhibit a particular protein of interest, typically using in vitro assays with purified proteins. However, there are numerous steps in key DSB repair pathways which have not yet been targeted. These findings suggest the need for additional efforts, and also alternative drug screening strategies, to identify new drugs which can inhibit DSB repair. Here, we report on the results of a highthroughput, cell-based screen for novel inhibitors of NHEJ and HR repair, using a forward chemical genetics approach.
The HR pathway utilizes homologous DNA sequences as a template for repair, while NHEJ processes and re-ligates the ends of the breaks (10) . NHEJ repair is considered more error prone than HR and occurs more frequently in cells. NHEJ is the predominant pathway in the G0/G1-phases of the cell cycle, while HR increases during S-phase, when a sister chromatid becomes available as a template for repair. As cells enter the G2/M-phase of the cell cycle, NHEJ becomes more active and likely predominates over HR repair (11) . Emerging evidence indicates that many sub-pathways exist within both the NHEJ and HR pathways of repair. In particular, NHEJ repair mainly is comprised of canonical NHEJ (cNHEJ) and noncanonical NHEJ repair. The latter process has been given many names, including back-up NHEJ (bNHEJ), alternative NHEJ (aNHEJ), and microhomology-mediated NHEJ (MMEJ; (12) ). This lack of consensus in part can be attributed to the fact that specific DSB repair proteins that mediate non-canonical NHEJ repair remain elusive. The cNHEJ pathway is well-defined and results in minimal processing of the DSB ends (13) , while the latter process typically results in deletions with local sequence microhomology (14) (15) (16) (17) . cNHEJ proteins include Ku70/80, DNA-PK catalytic subunit (DNA-PKcs), X-ray repair crosscomplementing protein 4 (XRCC4), and Ligase IV (13) . As noted above, the non-canonical pathway(s) are poorly defined but appear to require MRE11 (18) , and PARP-1 (19) . Ligase III and X-ray repair cross-complementing protein 1 (XRCC1) are also implicated in these processes (20, 21) , although more recent studies have questioned the requirement of these proteins (22) (23) (24) . Examples of key HR proteins include breast cancer 1 (BRCA1), BRCA2 and Rad51 (10) . CtIP is a key HR factor involved in the initial end-resection step of this process (25) , but it also appears to play a role in NHEJ repair, particularly in pathways distinct from cNHEJ (26) . Collectively, the non-canonical NHEJ repair processes share a common theme of higher rates of insertions, deletions, and microhomology usage. As such, we have termed this pathway mutagenic NHEJ (mNHEJ) repair previously, in order to distinguish cNHEJ repair versus bNHEJ, aNHEJ, MMEJ, which often are used interchangeably but sometimes distinctly (27) .
However, MMEJ repair specifically may represent a subset of mNHEJ in which flanking sequence microhomology is commonly (if not exclusively) utilized. Another DSB repair pathway has been described, single strand annealing (SSA), which is distinct from NHEJ repair and likely represents a subpathway of HR repair. SSA repair anneals adjacent sequence repeats flanking a DSB, resulting in a deletion between the repeats (28) .
Numerous assays to measure DSB repair in cells have been described previously, and they typically use IR or endonucleases to induce DNA cleavage events at chromosomal loci or in plasmid substrates.
DSB repair proteins form discrete foci at DNA damage sites after treatment with IR, which can be visualized by immunofluorescence microscopy. These foci patterns can be used as markers for DSB repair in cultured cells (29, 30) . DSB repair can also be assayed using the neutral comet assay, which relies on the altered mobility of cleaved DNA (31) . Engleward and colleagues recently demonstrated this technique can be miniaturized for high-throughput screening (32) . Fluorescence-based assays also have become an important tool to assess DSB repair in cells. The DR-GFP assay is a commonly employed HR assay, which uses the I-SceI endonuclease to induce a site-specific DSB in a cell (33) . We recently developed a novel mNHEJ repair assay, termed End Joining-Red Fluorescent Protein (EJ-RFP), which can be combined with DR-GFP to measure both DSB repair pathways simultaneously (27) . We integrated this system into a number of cells, including U2OS DR-GFP cells (referred to as U2OS EJ-DR cells). We also developed a novel, ligand-dependent I-SceI system for DSB induction in cells (27) . A similar inducible I-SceI system subsequently was described by Wu and colleagues (34) . Many other elegant reporter assays and inducible cleavage systems have been described previously, which have been used to gain critical insights into DSB repair regulation (15, 18, (35) (36) (37) (38) .
Here, we report the design and execution of a high-throughput, cell-based small molecule screen for novel DSB repair inhibitors. We miniaturized our recently developed dual mNHEJ and HR reporter system into a 384-well plate-based format, and we then interrogated a diverse library of approximately 20,000 compounds for molecules which selectively modulate mNHEJ and/or HR repair in tumor cells.
We identified a collection of novel hits which potently inhibit DSB repair, and we validated their functional activity in a comprehensive panel of orthogonal secondary assays. A selection of these inhibitors was found to radiosensitize cancer cell lines in vitro, which suggests they may be useful as novel chemo-and radio-sensitizers for solid tumors in which local recurrence after therapy is a barrier to treatment efficacy. Surprisingly, we identified several currently or previously FDA-approved drugs, including the calcium channel blocker, mibefradil dihydrochloride, which demonstrated substantial activity as DSB repair inhibitors and radiosensitizers. These findings suggest the possibility for repurposing them as tumor cell radiosensitizers in the future. Along these lines, we recently initiated a Phase I clinical trial testing mibefradil as a radiosensitizer in recurrent glioblastoma patients.
Materials and Methods
Cell lines and culture conditions. U2OS EJ-DRs, which consist of the U2OS osteosarcoma cell line with integrated copies of the EJ-RFP and DR-GFP reporters, along with the ligand-inducible ddSceGR cleavage system, have been described previously (27) . The parental U2OS cell line and T98G cells were obtained directly from the American Type Culture Collection (ATCC), which has provided certification of authentication per the guidelines which are published on their web site (i.e., using STR Profiling Analysis). Additional U2OS cells lines containing the GFP-based DSB repair assays to measure SSA, total NHEJ, and MMEJ were a generous gift from Jeremy Stark and have been described and validated for authenticity previously (35, 36) . These cell lines were cultured in high glucose Dulbecco's Modified Eagle Medium (DMEM) with L-glutamine containing 10% tetracyline-free (tet-free) fetal bovine serum (FBS; Clontech Laboratories and Atlanta Biologics). All cells were maintained at 37°C with 5% CO 2 .
Tet-free serum, instead of "regular" FBS, is needed for routine passaging during experiments involving U2OS EJ-DRs cells, in order to prevent DsRed gene expression in the EJ-RFP system, which can result from residual tetracycline found in most commercially available FBS preparations. For the long-term culture of U2OS EJ-DRs cells, we used charcoal-stripped FBS (Invitrogen Corporation), in order to minimize the levels of endogenous glucocorticoids present in untreated FBS preparations. Ligand-induced DNA cleavage by ddSceGR was performed by adding the Shield1 and Triamcinolone Acetonide (TA) ligands at concentrations of 0.5-1 PM and 100 nM, respectively, to the cell cultures. Ligands were incubated in the cells for 24h, followed by one or two washes with DMEM containing 10% FBS without ligands. Specific conditions for ligand addition in microplates are described below. All control drugs presented in this study were purchased from Tocris Bioscence, High-throughput small molecule screening. All primary drug screening studies were performed in polystyrene clear bottom black-walled 384-well microplates (Greiner Bio One International AG). The process for DSB induction, cell incubation and timing of reporter gene measurement using the EJ-DRs assay was described in detail previously (27) . All screening compounds and control drugs were added from 5 mM source plates in DMSO directly to microplates containing 10 µl of DMEM without FBS (referred to as "pre-plating"), such that the final concentration was 10 µM, and used within 24 hours of compound/drug dilution. The test compounds were dispensed with Norgren Kloehn nanosyringes and each plate was bar-coded for tracking at the Rockefeller High-Throughput & Spectroscopy Resource Center (HTSRC), using well-established in-house protocols at this facility. The control drugs were added manually with a multichannel pipettor for the initial screening optimization studies with known DSB repair inhibitors. DMSO alone (1%) was added to columns 23 and 24 for all microplates unless otherwise specified below in the Results section (and these columns were reserved for negative and positive controls, as described below). U2OS EJ-DRs cells were seeded into each well at a final concentration of 1,000 cells per well, in a volume of 40 µL containing 12.5% tet-free FBS, such that the final FBS concentration was 10% v/v in each microplate well. This media also contained the DSB ligands, Shield1 and TA which yielded final concentrations of 1 PM and 100 nM, respectively. The media for column 24 in each plate did not contain these DSB ligands, which served as the equivalent of a positive control representing maximal inhibition of mNHEJ and HR repair. Phenol-red free DMEM (Invitrogen) supplemented with Penicillin-Streptomycin (Life Technologies) was used for all screening experiments.
Microplates were then set on flat benches for a minimum of 30 minutes at room temperature to facilitate uniform seeding in the surfaces of each microplate well thus reducing possible edge-effects, as described previously (39) . The subsequent individual steps in the screening studies are described in the Supplemental Materials and Methods section.
Secondary GFP-based DSB repair assays. We used a collection of GFP-based assays to measure SSA, total NHEJ, and MMEJ repair, created by Stark and colleagues, which have been described previously (35, 36) . In these experiments, each cell line was Amaxa nucleofected with the ddSceGR plasmid in standard cuvettes provided by the manufacturer (Lonza Group, Ltd.). Cells were then diluted in culture media consisting of DMEM with 10% regular FBS, and then seeded at a density of 20,000 cells per well in 96-well microplates. Cell counting was performed prior to nucleofection, and as such a 25% cell loss factor was incorporating into the cell dilution calculations to account for loss of cells during the nucleofection process and the transfer from cuvettes to other vessels. Cells were added in a 50 µL volume to the microplate wells containing 25 µL of culture media diluted with test compounds at the desired concentration(s) along with DSB ligands. Unless otherwise specified, these assays tested compounds at 10 PM concentrations in DMSO. A single media wash was performed after 24 hours and the cells were then incubated for an additional 48 hours to allow maturation of the GFP expression. After a total incubation time of 72 hours, cells were washed with PBS (200 µL) and then dissociated using 25 addition of 25 µL of serum free media. Accutase was utilized because this dissociation reagent does not require subsequent incubation with DMEM containing FBS for inactivation which can leading to higher rates of clogging in flow cytometers. In addition, the rates of re-attachment to microplate wells are lower in the absence of serum, which can become an issue when handling larger numbers of plates leading to longer incubation times in the microplates during each processing step. Cells were then transferred to round bottom, polypropylene 96-well plates for analysis by flow cytometry. NHEJ and HR repair activity was assessed by quantification of the percentages of DsRed+ and GFP+ cells, respectively, using an Accuri C6 flow cytometer equipped with a HyperCyt autosampler (Intellicyt Corporation). The Hypercyt is an instrument that facilitates the automated analysis of microplates by flow cytometry, and has been described previously (40) . The HyperCyt sampling settings were as followed: 35 RPM peristaltic pump speed, 15 second sip time (sampling approximately 3.4 µL/second), 2.5 second rinse time, and a 15 second plate shake during each rinse. Each plate was thus analyzed in approximately 45 minutes using these settings, and the entire volume of each microplate well was sampled. Cell numbers were also acquired in each well using the HyperCyt. Standard compensation techniques were used when GFP and RFP were analyzed simultaneously in order to minimize spectral overlap. The data were analyzed using FloJo (Tree Star, Inc.). Experiments were performed in either triplicate or quadruplicate, and error bars represent standard errors of the mean (SEM).
IR foci formation assays. Cells were seeded into eight-chamber tissue culture slides (Fisher) and incubated overnight, and selected slides were then treated with ionizing radiation using a Cesium Irradiator to deliver a dose of 10 Gy. Unless otherwise specified, these assays tested compounds with IR at 10 PM concentrations in DMSO, and the final DMSO v/v amount was 0.1% in cell culture. The compounds were added 1 hour prior to irradiation and kept in the culture media until processing (i.e., 5 hours post-IR). Cells were fixed in 4% paraformaldehyde at room temperature for 15 min, followed by a block and permeabilization step with 10% BGS and 0.5% Triton-X for 1 h. Commercially available antibodies were used to detect the following protein targets: phospho-specific JH2AX (S139; #32827, Upstate), 53BP1 (rabbit polyclonal; NB100-904SS, Novus Biologicals), phospho-specific DNA-PKcs (T2609 and S2056; #ab18356 and #ab18192, respectively, Abcam), BRCA1 (D9, Santa Cruz Biotechnology), and phospho-specific Chk2 (T68; #2661, Cell Signaling Technology). The secondary antibodies used were Alexa Fluor 594-labeled goat anti-mouse IgG (Molecular Probes) and Alexa Fluor 488-labeled chicken anti-rabbit IgG (Molecular Probes), each at a 1:500 dilution. Cell nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI) which was included in the Vectashield mounting medium (Vector Laboratories). Images were obtained using a Carl Zeiss confocal laser scanning microscope (Carl Zeiss Microscopy, LLC) and processed using ImageJ and Adobe Photoshop software. For foci quantification, >100 nuclei were counted, with cells forming >5 foci scored as positive. Experiments were performed in either triplicate or quadruplicate, and error bars represent standard errors of the mean (SEM).
Clonogenic survival assays. U2OS and T98G cells were incubated with test compounds for 1 hour prior to irradiation on a cesium irradiator at multiple doses, and the cells were then trypsinized after a 4 hour incubation post-IR with the compounds (10 PM concentrations in DMSO; and the final DMSO v/v amount was 0.1% in cell culture.). Cells were then seeded at 500, 200, 100, and 50 cells per well and grown for 14 days. Colonies (>50 cells) were visualized by fixing with methanol and staining with crystal violet. Surviving fractions were then calculated by normalizing to the plating efficiency for each experiment (colony formation after 0 Gy dose), and as described previously (41) .
Results
Development of a cell-based, high-throughput small molecule screening platform to identify novel DSB repair inhibitors. We first sought to miniaturize our dual NHEJ and HR reporter assay into a microplate format suitable for high-throughput small molecule screening. Schematics of the mNHEJ and HR repair assays, along with the inducible I-SceI system are shown in Fig. 1a , and also have been described previously (27) . Briefly, the EJ-RFP repair assay is based on a tetracycline-dependent regulatory system, and it consists of a repair substrate and a reporter vector. The I-SceI recognition site (42)). The addition of the small molecule, Shield1, blocks the destabilizing effect of the N-terminal domain, and the addition of the synthetic GR ligand, triamcinolone acetonide (TA), induces translocation from the cytoplasm to the nucleus. We recently created a U2OS cell line containing single copies each of EJ-RFP, DR-GFP and ddSceGR (referred to as U2OS EJ-DRs cells), and we extensively validated its function as a reliable and dynamic reporter of DSB repair, using a panel of small interfering RNAs (siRNAs) and selected small molecule DSB repair inhibitors (27) .
We previously characterized the timing and kinetics of our DSB repair assay, with regard to DNA cleavage activity and maturation of the RFP and GFP signal (27) , which is depicted in Fig 1b for reference. A longer incubation time is required for the maturation of EJ-RFP expression (96 hours), owing to the requirement for wild-type (WT) TetR protein to be degraded before de-repression of the RFP gene in the reporter vector can occur (i.e., following disruption of the TetR ORF by mutagenic NHEJ repair events). In our previous studies involving U2OS EJ-DRs cells, we analyzed the percentages of RFP-and GFP-positive cells by flow cytometry (27) . While this approach is associated with high levels of sensitivity and low error rates, it is not well-suited for the analysis of small numbers of cells grown in 384-well microplates. We thus developed a protocol to image RFP-and GFP-positive cells in microplates using an automated laser scanning cytometer. We reasoned that this approach would be advantageous for the analysis of large numbers of samples, since adherent cells can be measured rapidly without the need for trypsinization and subsequent transfer to flow cytometry tubes for analysis. Furthermore, most laser scanning cytometers can process large numbers of microplates automatically with the addition of a robotic plate exchanger. We also considered using a conventional fluorescence plate reader to measure the total amount of RFP and GFP fluorescence in each microplate well, which has been described previously in high-throughput screens with multi-color competition assays (43) . However, our initial tests using this approach indicated that while RFP fluorescence could be measured successfully, GFP fluorescence was not reliably detected in U2OS EJ-DRs cells (data not shown). This likely can be explained by the finding that the DR-GFP assay reports %GFP-positive cells in the range of 1-10%, which is below the threshold to achieve a reasonable signal-to-noise ratio for most conventional microplate readers. In contrast, laser scanning cytometers typically image the entire well and can identify any fluorescent objects in the field, which significantly raises the sensitivity of detecting smaller subpopulations of fluorescent protein-expressing cells (e.g., in the range of 1-10%).
To this end, we used the ImageXpress Velos laser scanning cytometer for our studies (Molecular Devices). The Velos can image a single 384-well plate in approximately 5-10 minutes, capturing fluorescence in two separate channels (e.g., RFP and GFP), and it is equipped with "on-the-fly" image analysis. We validated and optimized image segmentation and spot recognition algorithms with the Velos software analysis tools to detect RFP-and GFP-positive cells, using various controlled mixes of RFP-and GFP-positive U2OS EJ-DRs cells, which were isolated by fluorescence-activated cell sorting (FACS) after DSB ligand treatment. It should be noted that RFP in the EJ-RFP assay was derived from DsRed and is expressed in the entire cell (27) , while GFP expression in the DR-GFP assay is restricted to the nucleus because of a nuclear localization signal added to the N-terminus (33). These differences made it important We found that fixation with 4% paraformaldehyde (PFA) for 5-10 minutes followed by a single wash with PBS was sufficient to preserve RFP and GFP fluorescence. Interestingly, fixation times beyond 10 minutes and/or omission of the PBS wash led to significant reductions in RFP fluorescence at later timepoints, which could not be abrogated with quenchers such as glycine (data not shown).
We also sought to incorporate a method for cell normalization to control for differences in cell number between wells, which could arise from either drug toxicity or intra-and/or inter-microplate variations in liquid handling. We were limited to the use of fluorescent proteins or fluorophores which did not have significant spectral overlap with RFP or GFP, which would confound our analyses of DSB repair. We selected the nuclear ultraviolet dye, Hoechst 33342 (H33342), which does not interfere with the detection of GFP or RFP fluorescence. We designed a protocol in which H33342 was added at the time of PFA fixation (i.e., after the PBS wash step). As noted earlier, the Velos can image with only two channels, and thus we chose to measure H33342 fluorescence with a conventional fluorescence plate reader after analysis on the Velos. As shown in Fig. 1d , we confirmed that our optimized imaging, fixation, and analysis protocols could detect a wide range of %RFP-and %GFP-positive U2OS EJ-DRs cells (left and right panels, respectively). We specifically tested RFP and GFP mixes corresponding to maximal versus minimal mNHEJ and HR repair activity that would be associated with the EJ-DRs reporter assay under normal assay conditions. These "high" and "low" values correspond to cells treated with or without DSB ligands, respectively (without any test compounds); and essentially these conditions served as our initial negative and positive controls for the first assay optimization studies. Background levels of RFP-and GFP-positive cells are found in U2OS EJ-DRs cells, which are associated with low levels of DNA cleavage by ddSceGR in the absence of ligands (27) . In this manner, maximal inhibition of mNHEJ/HR repair would reduce RFP/GFP percentages to that observed in cells which were not treated with the DSB ligands. The Z'-factor, a common measure of assay reproducibility (44), was >0.5 between the high and low values for both RFP-and GFP-positive cell mixing experiments, which indicated suitability for high-throughput screening. We also detected a highly linear correlation between plated cell number and H33342 fluorescence in these experiments (Fig. 1e) . Taken together, these data suggested that our miniaturized EJ-DRs assay and analysis protocols would be suitable for high-throughput screening in 384-well microplates.
Based on our initial optimization experiments described above, we envisioned a screening processflow in which cells are seeded directly into 384-well microplates with test compounds of interest, along with ligands to induce DSBs. After a period of induced DNA cleavage in the presence of compounds (24 hours), a media wash is performed to terminate DSB activity. This wash step also removes the compounds, which would minimize the possibility of toxicity and fluorescence artifacts associated with some compounds in long-term culture. Cells are then incubated for a period of time to allow expression of RFP and GFP, followed by PFA fixation, H33342 staining, and finally fluorescence measurements to assess DSB repair activity and cell numbers. In this manner, the effects of small molecules on both mNHEJ and HR activity can be assessed simultaneously, and cell viability can be used to exclude toxic compounds from any identified hits. This process-flow is summarized in Fig. 1f . As discussed below, we next validated this process-flow using known chemical inhibitors of DSB repair, and also in a pilot small molecule screen.
Validation of our miniaturized DSB repair screening assay using known inhibitors of NHEJ and HR repair. We next sought to confirm we could detect the expected effects of known chemical inhibitors on DSB repair activity in 384-well microplates, using our screening process-flow. To this end, we tested mirin, a recently described inhibitor of the Mre11-Rad50-Nbs1 (MRN) complex (45) . We tested mirin along with DMSO controls in 384-well plates, at a range of doses in triplicate. The percentages of RFP-and GFP-positive cells from triplicate samples in wells containing various doses of mirin were normalized to the percentages observed in wells containing DMSO-treated cells for both mutagenic NHEJ and HR, respectively. In this manner, the data can be presented as a relative assessment of DSB repair on a 2-dimensional (2D) plot (which we have referred to as a RADaR plot, based on our previous work; (27) ), which allows one to rapidly assess the effects of a given condition on both mNHEJ and HR repair activity visually. A schematic of how EJ-DR measurements in each quadrant are categorized is shown in Fig. 2a for reference. Prior to testing with mirin, we first performed a DMSO tolerance test to assess the possible contribution of artifacts in DSB repair activity arising from DMSO toxicity. These experiments confirmed that DMSO concentrations as high as 2% did not significantly affect cell viability and/or DSB repair activity (Supplemental Figs. 1b and 1c, respectively) . In contrast, DMSO concentrations of 3% or more led to substantial reductions in cell numbers, which corresponded to reductions in both mNHEJ and HR repair activity. As shown in Fig. 2b , mirin inhibited both mNHEJ and HR repair activity in a dosedependent fashion from 25 to 100 µM. These data were normalized to H33342 staining results, which revealed approximately 50% and 70% reductions in cell viability at 50 µM and 75 µM doses of mirin, respectively. Mirin is known to be toxic to cells at doses above 25 µM (45) , which can confound the ability to differentiate a direct effect on DSB repair activity versus indirect suppression via disruption of normal proliferation, as highlighted in the DMSO tolerance test above. After normalizing for cell toxicity, the data revealed that mirin preferentially inhibits HR over mNHEJ repair activity, with a half maximal inhibitory concentration (IC50) for HR repair inhibition of approximately 50 µM, which is consistent with previous studies using the DR-GFP reporter assay (45) . The H33342-normalized IC50 curves for mNHEJ and HR repair activity after mirin treatment are shown in Supplemental Fig. 1d . These data highlight the suitability of our miniaturized assay to detect small molecule-induced changes in DSB repair activity.
They also highlight the importance of assessing cell toxicity as a potential confounder for changes in DSB repair activity.
Execution of a pilot screen using a library of known bioactive compounds. We next sought to assess the performance of our 384-well plate EJ-DRs assay in a pilot compound screen, in preparation for scaling up to interrogate 20,000 compound library. Initial studies with several 384-well microplates containing U2OS EJ-DRs cells treated with and without the DSB ligands indicated excellent signal-tonoise ratios and high levels of assay stability (Fig. 2c) . Minor edge effects were noted in selected plates, which were attributed to the prolonged culture time (96 hours) required for maximal RFP expression in the EJ-RFP portion of the DSB repair assay ( Fig. 2c and Supplemental Fig. 1e ). This issue was addressed by incorporating breathable plate seals, which minimized the evaporation of media in the corners of the 384-well plates during these prolonged cell culture periods. Next, we performed a pilot drug screen with a We used the optimized screening protocol described above, and library screening was performed in duplicate over two days to test assay reproducibility. The Z'-factors were greater than 0.5 between the positive and negative control wells for each assay plate for both duplicates (Fig. 2d and data not shown) , indicating excellent assay stability and reproducibility. A cutoff of greater than a 50% change in mNHEJ and/or HR repair activity was set as the threshold for hits, based on our initial optimization experiments with control drugs and our previous work (27) . As shown in the RADaR plot in Fig. 2e 
compounds were identified which substantially altered the normal pattern of DSB repair compared to DMSO-treated cells. These results were highly reproducible across the duplicate experiments (data not shown), and the hit rate was approximately 2%. The most active hits are shown in Table 1 , which are notable for currently and previously FDA-approved drugs (e.g., pimozide and mibefradil, respectively).
Unexpectedly, we found that etoposide substantially inhibited HR repair activity, which was validated further in secondary assays (discussed below). Several of these drugs were validated and evaluated further in combination with the hits identified from the main compound screen presented below.
Interrogation of a diverse small molecule library for novel DSB repair inhibitors. After demonstrating feasibility in the pilot LOPAC drug screen, we performed a high-throughput small molecule screen using our miniaturized EJ-DRs assay. We interrogated a library containing approximately a sub-set of 20,000 diverse compounds, from a 150,000 member library from the Rockefeller University High-Throughput& Spectroscopy Resource Center (HTSRC). Based on our initial results in the pilot LOPAC screen, each compound was tested in singlicate at a 10 Pm concentration. We again used the optimized screening protocols described above. The entire library, with positive and negative controls, consisted of 55 384-well plates. The Z'-factor for individual plates were monitored throughout the screen to assess for potential assay drift and other possible confounders, and was >0.5 as in the pilot LOPAC screen (data not shown). Hit thresholds similar to those used in the pilot LOPAC screen were applied to identify novel DSB repair modulators, and hits which decreased viability by greater than 50% were excluded from the hit-list. The results of the screen are shown in Fig. 3 as a 3D plot with HR (GFP), mNHEJ (RFP), and cell number (H33342) plotted on the X-, Y-, and Z-axes, respectively. A 2D plot depicting HR vs. mNHEJ alone is also shown in Supplemental Fig. 2 for reference. Approximately 750 hits were identified which significantly altered DSB repair, corresponding to a hit rate approximately 3.8%. Hit rates from cell-based assays typically range between 1-2% for a single phenotype, although the number of hits from a given screen is highly dependent on multiple variables, including the screening phenotype itself, the type of cell-based measurement, and the hit thresholds that are set (46) . In our screen, we envisioned 4 possible types of hits: (1) selective HR inhibitors, (2) stimulators of HR and/or mNHEJ (e.g., which could occur via disruption of cNHEJ as described previously; (27, 47) ), (3) selective inhibitors of mNHEJ, and (4) dual inhibitors of both HR and mNHEJ (see schematic in Fig. 2a) . Thus, we expected a higher hit-rate than would be observed for a typical cell-based screen with a single readout and phenotype.
Our hit confirmation and validation strategy is summarized in Fig. 4 . We first cherry-picked and retested each of the 750 hits at three concentrations (1, 5 and 10 Pm) in duplicate as a means to rule out random false-positives. This also allowed an initial ranking of potency. These experiments led to the identification of 100 confirmed hits with descending concentration-responses and high rates of 
reproducibility between replicates. We then tested these confirmed hits at a larger range of concentrations in triplicate, in order to rank those compounds demonstrating a statistically significant full sigmoidal concentration-response. For these experiments, we used the same 384-well plate-based protocol from the primary screen to assess mNHEJ and HR activity. We then selected compounds with reproducible IC 50 s less than 20 Pm). We also excluded hits corresponding to pan assay interference compounds (PAINS) from a database created by the Rockefeller University HTSRC. These compounds, often referred to as "frequent hitters", are known to non-specifically block activity in many high-throughput screening studies (48) . These experiments led to the identification of 63 refined hits. We then ordered powder stocks for each of these hits, solubilized them in DMSO, and performed concentration-response studies once again to confirm reproducibility with the freshly prepared compound stocks. At this stage, we measured mNHEJ and HR repair in the EJ-DRs assay using flow cytometry in 96-well plates. This approach facilitated the assessment of possible fluorescence artifacts and confounding cell viability effects, since detailed cell-level fluorescence could be quantitatively analyzed in the entire population of cells for each treated well. We used an automated 96-well plate flow cytometer for these studies, which is discussed further in the section below. Cell numbers also were enumerated for each compound to further assess compound toxicity. Furthermore, a larger number of cells could be analyzed for RFP and GFP fluorescence for each sample (e.g., 10-20K cells per tube), which increases the sensitivity of the analysis.
In parallel, we performed structure clustering analyses to assess whether hits with similar structures displayed similar EJ-DRs repair assay phenotypes. Compounds which clustered in this manner were prioritized, since these data provided another layer of supporting evidence for phenotypic specificity, as described previously (49).
The experiments described above led to the identification of 16 validated hits, which we then tested below in orthogonal secondary assays. The structures for each of these 16 hits are shown in Table 2 , along with the IC50 results for mNHEJ and HR repair. The full IC50 curves for each of these hits for mNHEJ, HR repair, and cell number, as measured by flow cytometry, are shown in Supplemental Fig. 3 . The analysis of mibefradil using our hit confirmation and validation strategy, starting from its identification in the primary screen as a selective mNHEJ repair inhibitor to its validation by flow cytometry, is shown in Fig. 5a . The IC50 curves for each of the 100 confirmed hits are shown in Supplemental Figure 8 , which also contains the SMILES IDs for reference. One example of a structure cluster with similar effects on mNHEJ/HR repair and cell viability is shown in Fig. 5b mibefradil, loperamide, AMN082, and cyproterone (several of these drugs were detected in the pilot LOPAC screen; see Table 1 ). In addition, many of the identified hits selectively inhibited mNHEJ and/or HR without any discernable effects on cell viability, except at high doses. For example, compound RU-0093845 (listed as #3 in Table 2 ) significantly inhibited both mNHEJ and HR repair to levels similar to cells treated without DSB ligands, with minimal effects on cell viability even at a 50 µM dose. As a final assessment to rule out false-positive hits that suppress RFP and/or GFP fluorescence, we tested the hits in a counter-screen in which U2OS EJ-DRs cells were treated with ligands for 24 hours to induce DSBs, in the absence of test compounds, followed by incubation with the test compounds. RFP and GFP fluorescence was then measured as performed in the primary screen (process-flow shown in Supplemental Evaluation of identified hits in orthogonal secondary assays. Next, we sought to test the activity of our 16 validated hits in secondary DSB repair assays. Our secondary assay process-flow is outlined in Fig. 6a . We chose to test them first in a panel of unique, GFP-based DNA repair assays which again utilize I-SceI to induce a site-specific DSB. The goal of these studies was to demonstrate functional activity as an additional validation step, and also possibly to further elucidate the mechanism(s) by which these compounds regulate DSB repair. As discussed earlier, our EJ-RFP assay detects any mutagenic NHEJ events in a robust manner, which makes it particularly useful as an initial screen for novel DSB repair inhibitors. However, it does not necessarily discriminate specifically between the NHEJ repair subpathways. Stark and colleagues recently created a series of elegantly designed DSB repair assays which specifically measure total NHEJ, MMEJ and SSA in U2OS cells (35) . The total NHEJ repair assay contains a promoter separated from a GFP gene by an intervening puromycin (puro) gene. The puro gene is flanked by two I-SceI sites in the same orientation, such that cleavage of both sites by I-SceI results in a two-ended, cohesive DSB. Any NHEJ repair events that join the two DSB ends bring the promoter in close proximity to the GFP gene resulting in expression (with loss of the puro gene). The MMEJ reporter consists of a single GFP gene disrupted by an I-SceI site with stop codons in all 3 reading frames, and also with a flanking 8 bp sequence which serves as a microhomology substrate. NHEJ events after DSB induction with I-SceI which utilize this specific microhomology sequence restore the GFP ORF. As kbp, and the downstream 3'-fragment contains an I-SceI site. In this manner, SSA events that occur between the two regions of homology eliminate the I-SceI site and restore the GFP gene (with deletion of the intervening sequence). Importantly, these assays have been validated previously using both RNAi and small molecule DSB repair inhibitors (35) (36) (37) (50) (51) (52) .
We sought to evaluate each of our hits, along with several control drugs, in each cell line over multiple replicates for each of the reporter assays described above. Once again, we wanted to utilize our ligand-dependent I-SceI cleavage system to precisely control DSB activity during incubation with the compounds. To this end, we designed a medium-throughput protocol for these studies, which is outlined in Fig. 6b . Briefly, U2OS cell lines containing each of the stably-integrated DSB reporters are transfected with the ddSceGR plasmid and then seeded into 96-well plates containing test compounds along with the DSB ligands, followed by a media wash after 24 hours. The percentages of GFP-positive cells are then measured using a HyperCyt autosampler coupled to an Accuri C6 flow cytometer (see Materials and
Methods section for additional information about this platform). This allowed us to rapidly test our compounds in each of the key GFP-based DSB repair assays in multiple replicates, with high sensitivity and specificity. As noted earlier, we also used this platform to generate full IC50 curves for our 16 refined hits using flow cytometry to assess EJ-DRs repair events. We first validated the sensitivity of this approach using several known DSB repair inhibitors, including mirin (Fig. 6c) , and also several DNA-PK inhibitors (Supplemental Fig. 5a ). As expected, mirin substantially repressed the activity of all key DSB repair pathways, consistent with blockade of MRN complex function leading to a proximal DSB repair defect (45) . Conversely, the DNA-PK inhibitors induced mutagenic NHEJ repair, and in some cases also SSA and/or HR repair, consistent with previous studies (Supplemental Fig. 5a and data not shown; (27, 53, 54) ). Interestingly, topoisomerase inhibitors were found to preferentially suppress HR repair in the pilot LOPAC screen, and thus were included in our initial studies with these secondary assays. The results of these studies are shown in Supplemental Fig. 5b , which revealed substantial inhibition of multiple DSB repair pathways (discussed further below). Collectively, these data support the utility of these secondary assays to assess the function of putative DSB repair inhibitors.
We then tested each of the validated hits from our primary screen in the GFP-based secondary assay panel using the protocols described above. The results for active hits are shown in Supplemental Fig. 6 , and selected examples are presented in Fig. 6c . Each hit was tested in four independent replicates. In these assays, we tested compounds at 10 PM concentrations in DMSO. Compound RU-0093845 demonstrated substantial inhibition of both mNHEJ and HR repair in the primary screen, and was notable also for suppression of SSA, total NHEJ and MMEJ repair. As discussed earlier, this was an intriguing compound because there were virtually no effects on cell viability even at a 50 µM dose. The counter-screening studies presented earlier and shown in Supplemental Collectively, these data suggest these compounds affect DSB repair activity, although their effects are diverse and warrant further study.
In addition, we tested the effects of our hits on the repair of IR-induced DSBs. DSB repair proteins form discrete foci at DNA damage sites after treatment IR, which can be visualized by immunofluorescence microscopy. Such foci patterns can be used as markers for DSB repair in cultured cells (29, 30) . Importantly, such foci-based assays represent an orthogonal secondary assay which would further support the functional activity of our identified hits as DSB repair inhibitors. We also reasoned that, as with the panel of GFP-based DSB repair assays, these foci-based studies could provide additional insights into the mechanisms by which the identified hits regulate DSB repair. To this end, we developed optimized protocols to detect IR-induced foci formation by a wide range of DNA damage response and repair proteins, including phosphorylated DNA-PKcs (on threonine 2609 and serine 2056; T2609 and S2056, respectively), BRCA1, phosphorylated Chk2 (threonine 68), phosphorylated H2AX (JH2AX; on serine 139), and 53BP1. As discussed earlier, DNA-PK is a key cNHEJ factor which is recruited shortly after Ku70/80 binding to DSB ends, which then facilitates end-processing and ligation of the DNA ends (13) . Phosphorylation of T2609 and S2056 on DNA-PKcs promotes end-processing (55) and DSB ligation (56), respectively, and there are well-established, commercially-available antibodies specific to these 2 sites. Also mentioned earlier, BRCA1 is a key HR protein which binds to DSBs early in the DNA damage response and competes with NHEJ factors to promote HR (57) . Chk2 is an important kinase that is phosphorylated in response to DSBs created by IR, and which activates BRCA1 and several other key DNA damage response mediators (58) . Serine 139 phosphorylation on H2AX represents one of the earliest events in the cellular response to DSBs, and thus serves as a good control for DSB induction (59) . 53BP1 serves as a molecular scaffold to recruit other key DSB repair proteins after H2AX phosphorylation, and recent studies suggest it plays a key role in DSB repair pathway choice (60) . We tested the effects of each of our hits on foci formation by these proteins, 5 hours after a single 10 Gy IR dose in U2OS cells. In these assays, we tested compounds at 10 PM concentrations in DMSO, and the drugs were added 1 hour prior to IR. The results for active hits are shown in Supplemental Fig. 7 . None of the hits affected the JH2AX levels after IR, which is expected since few molecules have been described which can directly inhibit this early event in the DNA damage response. However, each of the hits shown displayed aberrant foci formation for at least one of the targets that was studied. The results for compound RU-0097818 is shown in shown Fig. 6d, which 
phosphorylated DNA-PKcs, BRCA1, phosphorylated Chk2 and 53BP1. Importantly, this compound was also found to inhibit both mNHEJ and HR repair in the primary screen, as well as SSA and MMEJ in the GFP-based secondary assay studies. As mentioned above, we tested this compound at a 10 PM concentration here, a dose which appears to inhibit all DSB repair pathways without affecting cell viability in the secondary GFP-based assays (see Supplemental Fig. 3 ). Of note, this drug has a slight preference for inhibition of mNHEJ over HR at lower doses (e.g., 1 PM), and studies are ongoing to assess IR foci formation patterns under these conditions in our laboratory (data not shown). Taken together, these findings provide additional support that our identified hits are functionally active as DSB repair inhibitors, which was the goal of these particular experiments. Nonetheless, additional future studies are needed to elucidate the exact mechanism(s) by which these compounds inhibit DSB repair.
Assessment of novel DSB repair inhibitors as tumor cell radiosensitizers. Finally, we sought to test whether any of our identified hits could radiosensitize tumor cells in vitro. The inhibition of DSB repair is associated with increased sensitivity to IR (61) , and thus the finding that our hits act as radiosensitizers would provide additional evidence supporting their functional activity as DSB repair inhibitors. As discussed earlier, emerging evidence suggests that tumor cell radiosensitization via inhibition of DNA repair and damage checkpoints has great therapeutic potential for many solid tumors (5). Glioblastoma is a notable example, as despite aggressive surgical intervention followed by high doses of radiotherapy and chemotherapy, local recurrences are common (62) . Given that we identified several known drugs in our primary screen, we reasoned that these hits could be rapidly translated into clinical testing if they also radiosensitized tumor cells. To this end, we tested each of our 16 hits in clonogenic survival assays, which are considered the "gold standard" for the assessment of IR response patterns in vitro (63, 64) . We tested the parental U2OS cell line, and also an adult GBM cell line, T98G, in these experiments. In these assays, we tested compounds at 10 PM concentrations in DMSO. Nine hits demonstrated radiosensitization in either or both cell lines at multiple IR doses, and representative data are shown in Fig. 7a . The observed radiosensitization was substantial, in the range of 1.4 to 2.6-fold for these compounds. Differences in IR-induced cell kill (without drugs) in these studies likely can be attributed to variations in the plating efficiencies and experimental conditions, since these compounds were tested in separate experiments. For example, RU-0084411 and RU-0000476 were tested as radiosensitizers in the same experiments, and they had similar levels of radiosensitization which correlated with similar effects in the secondary GFP-based reporter assays (See Supplemental Fig. 6 ).
These experiments also were notable for no adverse effects on plating efficiency in the presence of the compounds, which suggests a true synergistic interaction between IR and the molecules (65) . Two known drugs, benzamil and loperamide, exhibited significant radiosensitization at each of the IR doses tested, 
7c, respectively. These data also were fitted to the linear quadratic model for IR survival (63, 64) , which are presented in Supplemental Figs. 7b and 7c , respectively.
Finally, we sought to test whether mibefradil was active as a radiosensitizer in patient-derived primary tumor cell lines. Our group recently developed optimized and validated protocols to assess radioand chemo-sensitization by test drugs in primary cell cultures, using a short-term growth delay assay (66) .
We have validated this assays in parallel clonogenic survival assays, and also with known radiosensitizers, using a collection of early-passage primary melanoma cell lines derived from patient tumors. As melanomas are known radioresistant tumors, there is great interest in radiosensitization for this disease, especially for melanoma brain metastases. We thus tested mibefradil as a radiosensitizer in this system, given that the platform was readily available in our laboratory, and also given the clinically relevant question. We used our previously established protocols in these experiments (66) . As shown in Supplemental Fig. 7d , we detected substantial radiosensitization with mibefradil in primary melanoma cells. In these experiments, the mibefradil dose was reduced to 1 µM, because initial studies in the absence of IR indicated that these primary cell cultures were substantially more sensitive to this drug compared to established cancer cell lines (data not shown). As shown in Supplemental Fig. 7d , the dose we tested for radiosensitization did not adversely affect cell viability (and possibly even increased the plating efficiency) in the absence of IR. Collectively, these data suggest that several of our validated hits inhibit DSB repair which is also associated with radiosensitization of tumor cells in vitro. Several of these compounds are either currently or previously FDA-approved drugs, which suggest the potential for rapidly translating them into clinical trials as radiosensitizers. Along these lines, we are now testing mibefradil as a glioma radiosensitizer in a clinical trial, which is discussed further below.
Discussion
Here, we present the design and execution of a cell-based, high-throughput screen for small molecule inhibitors of DSB repair. Specifically, we interrogated a ~20,000 compound library for molecules which alter either or both mNHEJ and HR repair activity, using a novel assay recently developed by our group. This study has revealed several interesting hits which were validated in a comprehensive panel of secondary DSB repair assays. Importantly, several of the compounds that we identified in this screen demonstrated tumor cell radiosensitivity in vitro. Many novel structures were identified which potently inhibited DSB repair with minimal effects on cell viability. Furthermore, we identified several novel DSB repair inhibitors which are either known or previously FDA-approved drugs. These hits are of particular interested, since they may be repurposed as radiosensitizers for clinical use in the near future.
Our study is unique because it analyzes the effects of small molecules on two major DSB repair pathways simultaneously, while also assessing effects on cell viability in parallel. This approach permits one to rapidly exclude molecules which indirectly affect DSB repair via toxic effects, and it can immediately yield information on the selectivity of a given hit on a particular DSB repair pathway. In addition, the incorporation of orthogonal secondary assays to further interrogate DSB repair sub-pathways provides a key validation step to assess the functional significance of the identified hits. Shahar et al. recently reported the results of a 96-well plate-based, DR-GFP screen of 1,200 approved drugs for novel HR modulators (67) . These studies revealed three drugs which inhibited HR: spirolactone, aripiprazole, and hycanthone. Interestingly, spirolactone was found to sensitize cells to cisplatin, mitomycin C, and PARP inhibitors. Of note, this study also used a GR-based inducible I-Sce cleavage system, which we recently engineered further to create ddSceGR (27) . This study also differed from our screen in that the drugs were continuously incubated for approximately 64 hours with the cells during the screen, and a higher screening concentration was used (20 PM) . We incubated cells with compounds at 10 PM concentrations for only 24 hours to minimize potentially confounding effects on viability. The three drug hits identified in this previous study were observed to inhibit HR repair in our screen, although they were below our defined threshold for significance. This could be in part attributed to our lower drug screening concentrations and shorter incubation times. Several other small molecule screens for DSB repair inhibitors have been reported previously, although most of these studies consisted of in vitro screens focused on disrupting the activity of Rad51 (68) (69) (70) (71) . To our knowledge, there have been no published cell-based screens focused on identifying small molecules which block NHEJ repair pathways.
We identified several novel molecules which inhibited mNHEJ and/or HR repair to nearly undetectable levels in our screen. Remarkably, many of these compounds had minimal effects on cell viability, even at the highest concentrations tested. We were also surprised to find compounds which specifically blocked unique and unexpected combinations of HR, SSA, and the NHEJ sub-pathways. For example, several hits specifically blocked mNHEJ repair without affecting MMEJ; such as RU-000824 (loperamide) and RU-0005520. As noted earlier, our mNHEJ assay measures any mutagenic NHEJ repair events, while the MMEJ assay specifically measures NHEJ repair events that utilize a single 8 bp flanking microhomology sequence. Further studies are needed to understand the mechanisms underlying these differential results. Recent studies suggest that mNHEJ-related pathways are utilized to repair DSBs at collapsed forks in S-Phase (34) , and that these pathways may be suppressed in quiescent cells (27, 72) . It is thus tempting to speculate that pharmacologic inhibition of mNHEJ will preferentially radiosensitize actively replicating tumor cells over G0/G1-arrested normal tissues.
Our IR foci-based secondary assays revealed that each hit altered the DNA damage response, although further studies are needed to understand the significance of these changes. In particular, it will be critical study these foci patterns over multiple time-points to assess kinetics, which likely will yield further insights into the effects of our hits on DSB repair processes. recently found that most small molecule DNA-PKcs inhibitors do not suppress the levels of IR-induced phosphorylated DNA-PKcs foci formation; rather, they induce a persistence of these foci at DSBs after IR (Bindra laboratory, unpublished results). Furthermore, the study of foci formation patterns for other key DNA repair proteins in the presence of our hits will also be important to gain additional mechanistic insights. It should also be noted that we excluded several hits which significantly reduced mNHEJ and/or HR repair, but which also substantially reduced cell viability (i.e., >50% reductions in cell numbers). One notable example was helenine, which reduced mNHEJ and HR repair activity to 20% and 6%, respectively, although cell viability was also reduced to 20% (relative to DMSO-treated cells). Helenine is an antiviral drug which has been used therapeutically previously, but it is not in clinical use currently (73) . These hits could be of great interest, since it is possible that the effects on viability are not related to the DSB repair phenotype(s), especially since we measured cell numbers at 96 hours. For example, cell toxicity could occur 48-96 hours after compound exposure, which would not be expected to affect the DSB repair processes occurring during the initial 0-48h phase of the assay protocol. Studies are ongoing in our laboratory to evaluate these possibilities.
As presented in Supplemental Fig. 5a , we confirmed that incubation with known small molecule DNA-PKcs inhibitors substantially altered DSB repair pathway utilization in U2OS cells. An overall trend for increased activity in multiple reporter assays was observed, consistent with inhibition of cNHEJ repair leading to up-regulated HR, SSA and other non-canonical NHEJ repair pathways (27, 53, 54) .
However, we found it surprising that the two DNA-PKcs inhibitors we tested demonstrated unique, and in some cases unexpected, differences in reporter assay phenotypes. For example, the DNA-PKcs inhibitor, DNA-PK V, predominantly induced an increase in SSA repair activity (74) . We have confirmed previously that these drugs induce substantial radiosensitivity in U2OS cells at the doses tested here, which confirms the functional activity of both agents as DSB repair inhibitors (data not shown and (27)).
These results suggest subtle differences in DNA-PKcs inhibitors on overall DSB repair, which warrants further study. Similarly, we were surprised to find that inhibitors of both topoisomerase I and II had profound effects on multiple DSB repair pathways (Supplemental Fig. 5b ). These effects were apparent at doses of drug well below that observed affecting cell viability (e.g., 1 µM for etoposide, data not shown).
Furthermore, we found that multiple drugs in these classes repressed DSB repair in the EJ-DRs assay (including camptothecin, irinotecan, and teniposide; data not shown).
Finally, the findings that multiple known FDA-approved drugs have activity as DSB repair inhibitors and tumor cell radiosensitizers raise the possibility that these agents can be readily tested in clinical trials as radiosensitizers in the near future. As discussed earlier, GBM tumors would be an ideal target to test such agents, since they are exquisitely radioresistant tumors, and local recurrence is the predominant mode of failure for these tumors (62) . Drugs in our hit-list such as mibefradil, pimozide and AMN082 are of particular interest for the treatment of brain tumors, because they are known to penetrate the blood brain barrier (75) (76) (77) . Intriguingly, mibefradil has been shown to synergize with both temozolomide chemotherapy and IR, both in vitro in glioma cell lines, and in vivo in mouse GBM xenografts (78) (79) (80) .
These findings are consistent with our observations in the present study that mibefradil inhibits mNHEJ repair and radiosensitizes glioma cells. As described above, we believe there is an inherent therapeutic index to targeting mNHEJ, which may allow for selective glioma tumor cell radiosensitization with mibefradil. Based on the data presented here and recently published by our collaborators (78-80), we recently initiated a Phase I clinical trial at Yale, testing mibefradil as a glioma radiosensitizer (Trial#NCT02202993). Work is ongoing in our laboratory to elucidate the exact mechanism(s) by which mibefradil inhibits mNHEJ repair. Similar efforts are underway for pimozide at our institution, which also inhibits DSB repair and leads to substantial tumor cell radiosensitivity (data not shown). These efforts highlight the potential utility of repurposing known drugs as radiosensitizers in clinical trials.
In summary, we have identified a small collection of novel compounds in a unique cell-based screen which inhibit key DSB repair pathways, a selection of which are known drugs and which radiosensitize tumor cells in vitro. In future studies, we will interrogate a larger compound library (e.g., >100K molecules) for additional molecules using our screening platform. Studies are also underway to further elucidate the mechanisms of action by which the compounds identified in this screen regulate DSB repair.
Selected hits will also be tested for radiosensitization using xenograft tumors grown in mice, in order to confirm that they have activity in vivo. For the known drugs identified in this study, efforts are now focused on repurposing them as radiosensitizers for radioresistant tumors such as high grade gliomas.
NCT02202993 is one such example, in which we are testing one of the hits from this screen, mibefradil, as a radiosensitizer in recurrent GBM patients. Table 2 . List of confirmed and validated hits which inhibit key DSB repair pathways. Summary of the 16 hits that we confirmed and validated using the strategy described in Fig. 4 Representative clonogenic survival assay curves are shown for two hits with substantial radiosensitization observed at all tested IR doses. Compounds were tested at 10 PM concentrations.
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